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I N T R O D U C T I O N
During walking, the basic activation of limb muscles and the alternation between swing and stance phases is mediated by the spinal central pattern generator (CPG) for locomotion (reviewed in Delcomyn 1980; Grillner 1981; McCrea and Rybak 2008; Rossignol 1996) . Although phase transitions are controlled centrally, during normal walking inputs from multiple sources interact with the CPG, adjusting phase transitions, phase durations, and cycle period (reviewed in Pearson 2008; Rossignol et al. 2006) . In particular, load-related sensory feedback from limb extensors and inputs from hip muscles are thought to be important in regulating the locomotor rhythm (reviewed in Dietz et al. 2002; Duysens et al. 2000; McVea et al. 2005; Pearson 2008; Rossignol et al. 2006) . For example, stimulating ankle extensor nerves at group I strength during fictive locomotion can abruptly transition the locomotor cycle from flexion to extension or prolong ongoing extension (Conway et al. 1987; Gossard et al. 1994; Guertin et al. 1995; Schomburg et al. 1998 ) and therefore reset the locomotor rhythm ). This action was found to be mediated mainly by group Ib fibers from triceps surae muscles via polysynaptic excitatory pathways to all limb extensors (Gossard et al. 1994) . Subsequent studies showed that group I afferents from every ankle extensor were equally effective in resetting the rhythm during fictive locomotion induced by stimulating the mesencephalic locomotor region (MLR) . However, in decerebrate cats walking on a treadmill, stimulating the lateral gastrocnemius and soleus was more effective than stimulating other nerves . Sinusoidal stretches of ankle extensors also entrain the locomotor rhythm (Conway et al. 1987 ). Resetting the rhythm or entrainment, is generally taken as evidence that inputs access the rhythm-generating circuitry (Conway et al. 1987; Gossard and Hultborn 1991; Gossard et al. 1994; Kriellaars et al. 1994; McCrea 1998; Pearson et al. 1998; Schomburg et al. 1998) .
Imposed movements at the hip also entrain the locomotor rhythm, indicating that hip muscle afferents also access the rhythm generator (Andersson and Grillner 1983; Kriellaars et al. 1994) . A progressive denervation of the hip musculature revealed that as few as two intrinsic hip muscles were sufficient to entrain the rhythm but that convergence of multiple muscle afferents was more effective (Kriellaars et al. 1994) . Other studies showed that group I and II afferents from different hip muscles could reset the locomotor rhythm Pearson 2001, 2002; Perreault et al. 1995; Stecina et al. 2005) . It was also found that signals from the sartorius muscle, a biarticular muscle with hip flexor torque, were of particular importance for the transition between stance and swing (Lam and Pearson 2001) . However, the effects of stimulating the sartorius nerve at group I or II strength were quite variable from one experiment to another during fictive locomotion as well as between preparations Schomburg et al. 1998; Stecina et al. 2005) . Although there are clear differences and variations in the efficacy of muscle afferents to affect the locomotor rhythm, the reasons are unclear.
We know that the transmission of sensory inputs in spinal pathways is modulated according to the phase of locomotion (Forssberg et al. 1975; McCrea 2001; Rossignol et al. 2006) . In some cases, the modulation is quite specific with maximum and minimum reflex responses occurring in specific subdivisions (i.e., epochs) of the locomotor cycle (Burke et al. 2001; Lennard and Hermanson 1985) . This suggests that the locomotor CPG exerts precise temporal gating of sensory inputs that do not perturb the ongoing rhythm. However, whether the CPG exerts such modulation for sensory inputs that can reset the rhythm is unknown. Evaluating the effects of key sensory inputs during normal walking is difficult because the locomotor CPG is constantly receiving inputs from all four limbs and from supraspinal pathways. However, in animal preparations where movement-related sensory feedback is abolished (i.e., by paralyzing the animal), it is possible to isolate interactions between specific sensory inputs and the locomotor program (i.e., fictive locomotion) by recording and stimulating peripheral nerves.
In the present study, the role of selected afferent inputs in adjusting the locomotor rhythm at different time points across the cycle was evaluated by quantifying changes in cycle period, phase durations, and phase transitions during fictive locomotion. Results show that effects on the locomotor rhythm depended on specific muscle afferents and on the timing of the stimulation within the locomotor cycle.
M E T H O D S

Ethical information, animal care, and surgical procedures
All procedures were in accordance with the Guide for Care and Use of Experimental Animals (Canada) and approved by the Ethics Committee of the Université de Montréal. All animals were obtained from a designated breeding establishment for scientific research. Before the experiments, animals were housed and fed within designated areas, which are monitored daily by veterinarians and trained personnel. Data were compiled from 16 adult cats weighing between 2.5 and 4.5 kg.
Prior to surgery, cats were injected with an analgesic (Anafen, 2 mg/kg sc) and premedicated (Atravet, 0.1 mg/kg im; glycopyrrolate, 0.01 mg/kg im; ketamine, 10.0 mg/kg im). Cats were then anesthetized with a mask using a mixture of oxygen (ϳ50%), nitrous oxide (ϳ50%) and isoflurane (2-4%, Abbott Laboratories, Montreal, Quebec, Canada). Once the animal was deeply anesthetized (10 -15 min), a tracheotomy was performed and cats were intubated to provide the anesthesia. The right common carotid artery was cannulated to monitor blood pressure, and the right jugular and cephalic veins were cannulated for fluid administration. The level of anesthesia was confirmed and adjusted throughout the surgery by monitoring blood pressure, applying pressure to the paw to detect limb withdrawal, and verifying the size and reactivity of the pupils.
Selected hindlimb nerves were dissected free from surrounding tissue and a laminectomy was performed to expose spinal segments from L 6 to L 3 . Following a craniotomy, the cortex was removed and all tissue rostral to the colliculi and mammillary bodies was removed (i.e., a precollicular/premammillary decerebration). At this point, animals are considered to have complete lack of sentience. Anesthesia was discontinued and animals were paralyzed with an injection (1 mg/kg) of pancuronium bromide (Sandoz Canada, Quebec, Canada) through the right jugular or cephalic veins. Paralysis is required to remove movement-related sensory feedback to study the centrally generated pattern of locomotion (i.e., "fictive" locomotion). Immediately after this injection, the animals were artificially ventilated for the duration of the experiment. An identical injection of pancuronium bromide was administered every 45 min until the end of the experiment. Hindlimb nerves were mounted on bipolar hook electrodes, and using the skin flaps to make an inverted parachute, the nerves were bathed in paraffin oil. A lethal injection of pentobarbital anesthetic was administered at the end of the experiment through the right jugular or cephalic veins.
Fictive locomotion, nerve recording, and stimulation
A spontaneous fictive locomotor rhythm is frequently observed (Ͼ50%) after a precollicular/premammillary decerebration. Manually stimulating the neck region and/or pinna or short series of electrical trains of stimuli to the sciatic nerve were sometimes used to initiate episodes of fictive locomotion, which could last for several minutes and hours in some cases.
To monitor locomotor episodes, electroneurography (ENG) of selected muscle nerves of the left hindlimb was performed by dissecting and mounting the following nerves on bipolar silver-chloride electrodes: posterior biceps-semitendinosus (PBSt), semimembranosusanterior biceps (SmAB), lateral gastrocnemius-soleus (LGS), medial gastrocnemius (MG), plantaris (Pl), flexor hallucis longus/flexor digitorum longus (FDHL), tibialis anterior (TA), extensor digitorum longus (EDL), caudal gluteal nerve (cGlu), and sciatic nerve (uncut). The cutaneous superficial peroneal (SP) nerve was mounted uncut. In some experiments, some peripheral muscle nerves such as MG, LGS, and FDHL were also left uncut. The cord dorsum potential (CDP) was recorded with a silver-chloride ball electrode and stimulation intensity was expressed as multiples of the threshold (T) for the most excitable fibers in the nerve as determined by the first negative deflection of the CDP.
For nerve stimulations, the Pl and cGlu nerves were stimulated using bipolar hook electrodes, whereas cuff electrodes were placed around sartorius (Sart) and rectus femoris (RF) nerves in the inguinal region. The Pl nerve supplies the plantaris muscle, an ankle extensor. The Sart nerve supplies the sartorius muscle, which can flex the hip and flex or extend the knee. The RF nerve supplies the rectus femoris muscle, a hip flexor/knee extensor, while the cGlu nerve supplies the gluteus maximus (hip extensor) and caudofemoralis (hip extensor/hip abductor) muscles. The Pl nerve was stimulated at 1.8 or 2 T while Sart, RF, and cGlu nerves were stimulated at 2 and 5 T with trains of stimuli (25 pulses of 0.5 ms at 200-Hz, 125-ms duration) every 2-8 s during spontaneous fictive locomotion. This stimulation duration was less than the duration of extensor activity during spontaneous fictive locomotion and is comparable to the duration of afferent feedback that might occur during walking . In a few experiments, trains of 100 -250 stimuli were used to study the effects of prolonged stimulation. During a locomotor episode, nerves were stimulated at fixed intervals and were generally interspersed with other nerve stimulations. Due to spontaneous variations in burst durations and cycle period, trains of stimuli fell in different periods of the cycle. The interval of time between stimulations was adjusted to the cycle period (i.e., the "speed" of the locomotor rhythm) so that at least two to three locomotor cycles could be recorded between stimulations. This was done to provide control cycles and to prevent entrainment of the rhythm. ENG was band-pass filtered (10 Hz to 10 kHz) and amplified. Episodes of fictive locomotion were digitized on-line with interactive custom-made software (Spinal Cord Research Center, University of Manitoba, Winnipeg, Canada) or off-line from recordings on videotape (15 channels; Vetter 4000A; A.R. Vetter, Rebersburg, PA). Data were analyzed using the same custom-made software.
The effects of stimulating muscle afferents from the iliopsoas, a prominent hip flexor, were not investigated because obtaining viable nerve branches from this muscle during dissection is extremely difficult. Moreover, sensory inputs from the iliopsoas were shown to have little effect on hip flexor activity during treadmill or fictive locomotion in decerebrate cats, contrary to inputs from Sart (Lam and Pearson 2001; Stecina et al. 2005) .
Data recording and analysis
Overall, 120 episodes of spontaneous fictive locomotion were analyzed in 16 cats (1-21 episodes per cat) with trains of stimuli of 25 pulses. Table 1 summarizes the number of episodes per cat and the nerves stimulated. An additional 15 episodes in six cats were recorded using prolonged stimulation (i.e., trains of 100 or 250 pulses). Only episodes with a stable locomotor rhythm, with small fluctuations in cycle period (i.e., the SD of control cycle periods did not exceed 10% of the mean), in which the onset and offset of extensor and flexor bursts could be clearly established, were retained for analysis. A locomotor episode was defined as clear alternation between flexor and extensor bursts for Ն10 cycles. Episodes ranged from 11 to 478 cycles. Overall, the determination of onsets and offsets of 14,772 bursts was performed with a roughly equal proportion of extensor and flexor bursts.
Bursts durations from flexor and extensor ENG were measured as the time between burst onset and termination from the raw ENG waveforms. Cycle period was defined as the time between successive flexor or extensor burst onsets in a given nerve. The ENG with the best signal-tonoise ratio was used to calculate phase duration and locomotor cycle period. Cycles without stimulation during a locomotor episode were used as control cycles (Fig. 1A) provided they did not follow a stimulated cycle. Cycle periods, flexor and extensor burst durations from control locomotor cycles within an episode were averaged to provide control values. The number of values averaged for controls depended on the number of cycles within an episode. All cycles that fit the criteria for control cycles within an episode were used, except for obvious outliers (i.e., bursts that were Ն1.5 times longer than other bursts).
The ENG bursts from LGS, MG, or SmAB were used to calculate the duration of the extension phase and extensor cycle period (CP EXT ) within an episode, whereas the ENG bursts from TA were used to calculate the duration of the flexion phase and flexor cycle period (CP FLEX ). Within a given animal, the same flexor and extensor nerves were used for all episodes. With Sart stimulation, it was important to use the ENG from SmAB because we found that Sart stimulation during extension could briefly stop the ENG in LGS, MG, and Pl, while leaving SmAB ENG unchanged (see Fig. 3A ). Figure 1B shows the different parameters measured. Phase durations and cycle periods were determined off-line with custom-made software (Spinal Cord Research Center, University of Manitoba, Winnipeg, Canada). Measuring both CP EXT and CP FLEX provides complementary information. For instance, with stimulation during flexion, measuring CP EXT indicates whether the next extensor burst occurred sooner (i.e., phase advance), an indication of resetting of the rhythm from flexion to extension. Similarly, with stimulation during extension, measuring CP FLEX indicates whether the next flexor burst is phase advanced, which would be consistent with resetting of the rhythm from extension to flexion.
The locomotor cycle was divided into six bins (see Fig. 1B ). These bins will be referred to as "epochs of stimulation" to avoid confusion with subdivisions of locomotion previously defined (Philippson 1905 ). The flexion phase was divided into three epochs: early (EF), mid (MF)-, and late (LF) flexion by dividing the flexor burst in three equal parts. The extension phase was also divided into three epochs: early (EE), mid (ME)-, and late (LE) extension, by dividing the A: an episode of fictive locomotion with stimulation of the plantaris (Pl) nerve during mid-extension. Cycles preceding the stimulated cycle (S) were used as control cycles (C). The number of control cycles depended on the number of cycles within an episode. For the shortest locomotor episodes (i.e., 11 cycles), 4 -5 control cycles were used, whereas for longer episodes, Ͼ100 control cycles could be used. B: the electroneurography (ENG) from an extensor burst [e.g., lateral gastrocnemius-soleus (LGS)] was used to determine extensor cycle period (CP EXT ) and the duration of the extension phase. The extension phase was divided into 3 equal parts to determine the epoch of stimulation: early (EE), mid (ME)-, and late (LE) extension. The ENG from a flexor burst [e.g., tibialis anterior (TA)] was used to determine cycle period (CP FLEX ) and the duration of the flexion phase. The flexion phase was divided into 3 equal parts to determine the epoch of stimulation: early (EF), mid (MF)-, and late (LF) flexion. extensor burst in three equal parts. Cycles with nerve stimulation were classified into one of these six epochs. Stimulation onset determined the epoch. The epoch of stimulation was visually determined off-line from printouts, and preceding cycles were used as reference to determine into which epoch the stimulated cycle should be classified. The alternation between flexion and extension, recorded from TA and LGS for example, does not cover 100% of the cycle as very small gaps can be found at the transition from the flexor burst to the extensor burst and vice versa. Stimulations that fell within these gaps were rare (no more than 10 stimulations of the Ͼ1,000 stimulated cycles) and were excluded from analysis. Cycle periods and burst durations within or following a stimulated locomotor cycle were then expressed as a percentage of the average control parameter (e.g., cycle period, phase duration) for the same episode. This normalization is required for comparison between episodes because cycle periods and phase durations can vary from one episode to another in the same cat and between cats. The amplitude of ENG bursts was not quantified. Other studies have shown that changes in burst amplitude are not consistently associated with changes in phase duration or cycle period Hiebert and Pearson 1999; Hiebert et al. 1995; McCrea et al. 1995; Pearson 1995; Perret and Cabelguen 1980) .
Statistical analysis
All statistical tests were made using SPSS 15.0. Paired t-tests were used to determine if parameters of the locomotor cycle with nerve stimulation significantly differed from control values. A three-factor ANOVA was performed to determine main effects and interactions between variables. Specifically, for the three-factor ANOVA, the dependent variables were: CP EXT , CP FLEX , extension phase duration, and flexion phase duration. The three fixed factors were: the stimulated nerve (Sart, RF, and cGlu), the stimulation intensity (2 T and 5 T), and the epoch of stimulation (EF, MF, LF, EE, ME, and LE). If there was an effect of the nerve stimulated, a Tukey's honestly significant difference (HSD) post hoc test was performed to evaluate specific differences between nerves, epochs of stimulation, and stimulation intensity. For paired t-test, an alpha level of P Յ 0.01 was used to account for multiple tests on the same parameters, whereas an alpha level of P Յ 0.05 was used for the three-factor ANOVA and Tukey's HSD post hoc test. All values in the bar graphs are the means Ϯ SD.
R E S U L T S
Effects of stimulating different nerves during fictive locomotion
The effects of stimulating the different nerves during spontaneous fictive locomotion are shown in Fig. 2 (Pl, RF, and cGlu) and Fig. 3 (Sart). Overall, stimulating Pl, RF, and cGlu nerves produced similar effects on the locomotor cycle, although the effects from Pl were much more potent and consistent. For instance, stimulating the Pl nerve at 1.8 -2 T during mid-flexion rapidly transitioned the locomotor cycle from flexion to extension ( Fig. 2A) , whereas stimulation during mid-extension considerably prolonged the extension phase (Fig. 2B) . The net effect of Pl nerve stimulation did not vary across epochs of the flexion or extension phases with a reset to extension with stimulation during flexion, and a prolongation of extension with stimulation during extension. Stimulating the RF nerve at 2 T during mid-flexion shortened the flexion phase and advanced the next extension phase (Fig. 2C) . It should be noted that the initiation of the extension phase is not as immediate as with Pl nerve stimulation. The same stimulation during mid-extension slightly prolonged the extension phase (Fig. 2D) . Stimulating the cGlu nerve during mid-flexion at 2 T shortened the flexion phase and advanced the next extension phase (Fig. 2E) , while the same stimulation during late extension slightly prolonged the extension phase (Fig. 2F) . As shown later, the effects of stimulating RF and cGlu nerves were weaker and more variable than Pl nerve stimulation and strongly depended on the epoch of stimulation.
Stimulating the Sart nerve produced complex effects on the locomotor rhythm. For instance, the effects of Sart stimulation on the ENG bursts differed between extensors. In triceps surae (LGS, MG) and Pl nerves, stimulating Sart stopped or weakened the extensor burst, which resumed after a brief pause (Fig.  3A) . The duration of the burst of activity of SmAB was unaffected. Stimulating Sart at 5 T during flexion terminated the flexion phase and in ϳ2/3 of stimuli triggered a new extension phase (Fig. 3B) . In ϳ1/3 of Sart stimulations at 5 T, instead of triggering a new extension, the cycle resumed with another flexion phase following a brief pause (Fig. 3C) . Due to the small sample of recordings from flexor nerves, it could not be ascertained whether activity continued in other flexor nerves other than TA and EDL.
Effects of stimulating different nerves on phase durations
Figures 4 and 5 show the effects of stimulating the different nerves at 2 T and/or 5 T during flexion and extension on the duration of the flexion and extension phases, respectively. Each data point is a locomotor cycle with nerve stimulation expressed as a percentage of the average control cycle for the same episode. Table 2 gives the exact number of data points in each epoch for each nerve, as well as the number of experiments (i.e., cats) that were used to collect these data points. Paired t-tests between control and stimulated phases were performed to determine if stimulating different nerves modified phase durations during spontaneous fictive locomotion (P Յ 0.01).
Stimulating the Pl nerve during EF, MF, or LF significantly reduced the duration of the flexion phase (Fig. 4A) . On average the duration of the flexion phase decreased by 82.0, 52.8, and 12.4% with Pl nerve stimulation during EF, MF, and LF, respectively. There were some data points obtained in LF that displayed greater flexion phase duration compared with control values. In these cases, Pl nerve stimulation terminated the ongoing flexion phase but its duration at the time of stimulation was already longer than the averaged flexion duration taken from nonstimulated cycles.
Stimulating the Sart nerve significantly reduced flexion phase duration at 2 T during EF (40.9%) and MF (36.8%), and at 5 T during EF (75.7%), MF (37.4%), and LF (8.5%; Fig. 4 , B and C). Even though the averaged duration of flexion was significantly reduced by Sart stimulation at 2 T during EF (Fig.  4B ), there were data points that indicated prolongation of flexion compared with controls (see DISCUSSION) . Stimulating the RF nerve only reduced the duration of the flexion phase during MF at 2 T (18.8%; Fig. 4D ). Stimulating the cGlu nerve did not affect the duration of the flexion phase at 2 or 5 T (Fig.  4, F and G) , although there was a trend for a small reduction of the flexion phase at 5 T. Thus the effects of stimulating Sart on the duration of the flexion phase were similar to stimulating the Pl nerve, whereas stimulating RF and cGlu nerves had little effect on the duration of the flexion phase.
Stimulating the Pl nerve during EE, ME, or LE significantly prolonged the duration of the extension phase (Fig. 5A) . On average the duration of the extension phase increased by 13.9, 39.7, and 83.6% with Pl nerve stimulation during EE, ME, and LE, respectively. Stimulating the Sart nerve at 2 T did not significantly modify the extension phase (Fig. 5B) , whereas stimulation at 5 T significantly prolonged the extension phase, but only during LE (20.7%; Fig. 5C ). Stimulating the RF nerve significantly prolonged the duration of the extension phase during 
FIG. 5. Effects of stimulating the different nerves during the 3 epochs of the extension phase on the duration of the extension phase for the group. Each data point represents the duration of the extension phase with stimulation during EE, ME, and LE. Each stimulated extension phase is expressed as a percentage of the average extension phase from control cycles of the same episode. Asterisks indicate significant differences relative to control values (paired t-tests). **: P Ͻ 0.01, ***: P Ͻ 0.001. ME at 2 T (10.3%) and 5 T (20.5%), and during LE at 2 T (17.2%) and 5 T (21.5%; Fig. 5, D and E) . Stimulating the cGlu nerve significantly prolonged the extension phase during LE at 2 T (14.2%) and 5 T (16.9%) (Fig. 5, F and G) but not during EE or ME. Therefore stimulating hip muscle afferents prolongs the extension phase primarily toward the end of extension, compared with Pl stimulation, which prolongs extension throughout the extension phase. Overall the magnitude of the prolongation was much smaller with hip muscle afferent stimulation compared with Pl nerve stimulation, which is not what would be expected from afferents having direct access to the networks generating extensor phase activity (see DISCUSSION) .
A three-factor ANOVA was performed to determine significant effects between the three hip muscle nerve stimulations. Across the group there was a significant effect (3-factor ANOVA) of the nerve being stimulated (P Յ 0.001), the epoch of stimulation (P Յ 0.001), and the intensity of stimulation (P Յ 0.01) on the duration of the flexion phase. A post hoc test (Tukey's HSD) revealed a significant difference between Sart and RF (P Յ 0.001), and between Sart and cGlu (P Յ 0.001) but not between RF and cGlu (P ϭ 0.34). The effects of the epoch of stimulation on the duration of the flexion phase showed significant differences between EF and MF (P Յ 0.05), EF and LF (P Յ 0.001), and MF and LF (P Յ 0.001). The duration of the flexion phase was the only parameter that showed a significant interaction between the nerve stimulated, the epoch of stimulation, and the intensity of stimulation (P Յ 0.05). Unpaired t-tests were done to determine specific differences. The duration of the flexion phase was more greatly reduced during EF at 5 T with Sart nerve stimulation (P Յ 0.001), whereas it was more reduced at 2 T with RF nerve stimulation (P Յ 0.001). There were no other significant differences between 2 and 5 T for all nerves at any other epoch. Thus as a whole, increasing the intensity of stimulation to recruit group II afferents produces little effect on the locomotor rhythm.
Across the group there was a significant effect (3-factor ANOVA) of the nerve being stimulated (P Յ 0.001), the epoch of stimulation (P Յ 0.001), and the intensity of stimulation (P Յ 0.001) on the duration of the extension phase. A post hoc test (Tukey's HSD) revealed a significant difference between Sart and RF (P Յ 0.001) but not between Sart and cGlu (P ϭ 0.06) and RF and cGlu (P ϭ 0.19). The duration of the extension phase showed a significant difference between EE and LE (P Յ 0.001) and between ME and LE (P Յ 0.001) but not between EE and LE (P ϭ 0.79), thus confirming that the effects of stimulating hip muscle afferents on the extension phase are greater toward the end of extension.
Effects of stimulating different nerves on cycle period
Inputs accessing the rhythm-generating circuitry should reset the locomotor rhythm by switching from one phase to another or prolonging the ongoing phase, thus perturbing the overall cycle. This action can be evaluated by measuring cycle period. As explained before, cycle periods can be measured from the onset of one flexion phase to the next (CP FLEX ) or from the onset of one extension phase to the next (CP EXT ; see Fig. 1B ). Figures 6 and 7 show the effects of stimulating the different nerves at 2 and 5 T during six epochs of the locomotor cycle on flexor (CP FLEX ) and extensor (CP EXT ) cycle periods, respectively. Paired t-test between control and stimulated cycles were performed to determine if stimulating different nerves modified cycle period during spontaneous fictive locomotion (P Յ 0.01).
On average, stimulating the Pl nerve significantly reduced CP FLEX during EF (38.8%) and MF (21.3%), while increasing CP FLEX during EE (9.4%), ME (22.3%), and LE (45.0%; Fig.  6A ). There was no effect on CP FLEX during LF. Stimulating the Sart nerve at 2 T significantly decreased CP FLEX during EF (27.1%) and MF (27.2%; Fig. 6B ) but not during LF. At 2 T there was no effect on CP FLEX during EE, ME, and LE. The reduction in CP FLEX during EF (43.9%), MF (23.7%), and LF (10.3%) was more consistent at 5 T (Fig. 6C ). Stimulation at 5 T increased CP FLEX during LE (21.3%; Fig. 6C ), thus showing that the onset of the next flexion phase was delayed. Stimulation of the RF nerve at 2 T significantly reduced CP FLEX during MF (7.2%), while increasing CP FLEX during EE (4.4%) and LE (6.0%; Fig. 6D ). At 5 T, CP FLEX significantly increased during ME (11.0%) and LE (13.2%; Fig. 6E ). Stimulating the cGlu nerve significantly increased CP FLEX but only during LE at 2T (8.8%; Fig. 6F ) and 5 T (9.4%; Fig. 6G) .
A reduction in CP FLEX when stimuli fall in flexion (EF, MF, or LF) indicates that the extension phase that followed stimulation was not increased to maintain cycle period at a fixed value (see Fig. 1B ). Overall a significant reduction in CP FLEX was accompanied by a concomitant reduction in the flexion phase. The CP FLEX reduction in a given epoch was accompanied by a significant reduction in flexion duration in the corresponding epoch in 8/8 cases (compare asterisks during EF, MF, and LF between Figs. 4 and 6 or in Table 2 ). With Pl nerve stimulation, the flexion phase decreased during LF but was not accompanied by a reduction in CP FLEX .
Cycle period was also measured from successive extensor bursts. Pl nerve stimulation significantly decreased CP EXT during EF (40.0%), MF (28.0%), and LF (6.5%; Fig. 7A ), which is consistent with resetting of the rhythm from flexion to extension. Stimulating the Pl nerve also prolonged CP EXT during ME (21.3%) and LE (47.4%; Fig. 7A ). Sart stimulation had no effect on CP EXT at 2T (Fig. 7B) , and only increased CP EXT at 5 T during LE (12.0%; Fig. 7C ). The lack of change in CP EXT with Sart stimulation during EF, MF, and LF indicates that the rhythm was not consistently reset from flexion to extension. This is because stimulating Sart could terminate the flexor burst without initiating an extension phase (see Fig. 3C ). Stimulating the RF nerve at 2 T reduced CP EXT during MF (7.4%) and produced an increase during ME (8.2%) and LE (8.2%; Fig. 7D ). At 5 T, a significant increase in CP EXT was observed only during ME (13.3%) and LE (12.3%; Fig. 7E ). Stimulating the cGlu nerve only produced an increase in CP EXT during LE at 2 T (11.8%) and 5 T (8.6%; Fig.  7, F and G) .
A reduction in CP EXT during EF, MF, or LF is consistent with resetting of the locomotor rhythm from flexion to extension and was prominently observed with Pl nerve stimulation. Overall a significant increase in CP EXT was accompanied by a concomitant prolongation of the extension phase. The increase in CP EXT in a given epoch was accompanied by a significant prolongation in the duration of the extension phase in the corresponding epoch in 9/9 cases (compare asterisks during EE, ME, and LE between Figs. 5 and 7 or in Table 2 ). Thus it is clear that in the majority of cases a change in cycle period is associated with a change in the duration of the ongoing (i.e., stimulated) phase. However, stimulating the Pl nerve during EE prolonged the extension phase without increasing CP EXT . Guertin et al. (1995) also showed that in some instances, ankle extensor nerve stimulation could alter the duration of the extension without changing cycle period, indicating that although prolonging the ongoing extension phase will concomitantly increase cycle period, there can be dissociation between phase duration and cycle period in some rare instances.
A three-factor ANOVA was performed to determine significant effects between the three hip muscle nerve stimulations on cycle period (CP FLEX and CP EXT ). Across the group there was a significant effect (3-factor ANOVA) of the nerve being stimulated (P Յ 0.001) and the epoch of stimulation (P Յ 0.001), but not of the intensity of stimulation (P ϭ 0.87) on CP FLEX . A post hoc test (Tukey's HSD) revealed significant differences between Sart and RF (P Յ 0.001) and between Sart and cGlu (P Յ 0.001) but not between RF and cGlu (P ϭ 1.00). EF, MF, and LF were significantly different from all other epochs (P Յ 0.001) with the exception of EF and MF, which did not significantly differ from one another (P ϭ 0.12). EE was different from LE (P Յ 0.01), but there was no difference between EE and ME (P ϭ 0.89) or ME and LE (P ϭ 0.07). Across the group there was a significant effect on CP EXT of the epoch of stimulation (P Յ 0.001) and the intensity of stimulation (P Յ 0.01), but there was no significant difference between the hip muscle nerves (P ϭ 0.11). Significant differences between epochs of stimulation were observed between EF and LF (P Յ 0.01), EF and LE (P Յ 0.001), MF and LF (P Յ 0.01), EE and LE (P Յ 0.05), and ME and LE (P Յ 0.05). Table 2 summarizes the effects of the different nerve stimulations in the six epochs of the locomotor cycle.
Effects of prolonged nerve stimulation
A constant load on ankle extensors can abolish rhythmic activity in flexors and maintain tonic extensor activity during walking in the decerebrate cat (Duysens and Pearson 1980) . It was shown during fictive locomotion in acute spinal L-3,4-dihydroxyphenylalanine (L-DOPA)/nialamide-treated cats that prolonged stimulation of ankle extensor nerves maintained tonic activity in extensors (Conway et al. 1987) . However, during fictive locomotion evoked by stimulating, the MLR such prolonged stimulation often failed to do the same (Gossard et al. 1994) . Here the effects of prolonged stimulation of the different nerves were assessed during spontaneous fictive locomotion to determine if afferent inputs were potent enough to alter the cycle well over its average period (i.e., if they could maintain rhythm generation into 1 phase).
The effects of prolonged stimulation of the Pl nerve were investigated in five cats (1-2 episodes of fictive locomotion per cat) with trains of 100 or 250 pulses. The effects were similar during EE, ME, and LE and consistent between animals. Fig. 8A shows an episode with Pl nerve stimulation (100 p, 2 T) during EE. Stimulation during extension always prolonged the extensor burst, which always outlasted the stimulation by a considerable amount. Thus the effects of prolonged Pl nerve stimulation were similar to those described by Conway et al. (1987) ; which contrast with those found during MLR-evoked fictive locomotion (Gossard et al. 1994) . The effects of prolonged nerve stimulation have never been described with RF, cGlu, and Sart. Prolonged stimulation of RF (5 episodes in 2 cats) and cGlu (4 episodes in 2 cats) at 2 or 5 T produced similar results. During extension, prolonged stimulation of RF (Fig. 8B) or cGlu (Fig. 8C ) slightly increased the extension phase. However, contrary to stimulating the Pl nerve, the extensor burst did not outlast the stimulation. Right panels show a closer look centered on the stimulation. Prolonged stimulation of the Sart nerve during extension slightly increased the duration of the extension phase (Fig. 8D) . Similar to stimulation with 25 pulses, it weakened or abolished activity in LGS without changing the activity in SmAB. Therefore the effects of prolonged stimulation of Pl, RF, cGlu, and Sart resemble those observed with shorter simulation trains (i.e., at 25 pulses). Also, none of the hip nerve stimuli could maintain the rhythm in one phase as Pl nerve stimulation did.
D I S C U S S I O N
Overall, stimulating the Pl nerve strongly influenced phase durations, phase transitions, and cycle period at any point of the cycle, whereas stimulating RF and cGlu had relatively weaker effects on the locomotor rhythm, which were strongly epoch-dependent. Sart stimulation also had potent effects on the locomotor rhythm, but these were more complex than other nerve stimulations.
Effects of stimulating plantaris group I afferents
The effects of Pl nerve stimulation were qualitatively similar to previous studies using fictive locomotion (Conway et al. 1987; Gossard et al. 1994; Guertin et al. 1995; . Changes in phase durations or cycle periods were in proportion with the timing of the stimulation within the ongoing phase (Figs. 4 -7) . For instance, if the Pl nerve was stimulated during early flexion, the flexion phase and cycle period, expressed as a percentage of control values, were much more decreased than during late flexion because the flexion phase was terminated at an earlier stage during early flexion compared with late flexion. However, during early, mid-, or late flexion, the net effect is the same: a reset to extension, which reduces flexion phase duration and cycle period, but much more so if the stimulation occurs earlier within the flexor burst. Likewise cycle period appeared significantly more increased during late extension compared with early or midextension because the extension phase was already at a later stage. The net effect is the same during early, mid-, or late extension: prolongation of the extension phase and cycle period, but more so if the stimulation occurs later in the extensor burst. Therefore the effects of Pl nerve stimulation on rhythm generation are not epoch-dependent. Inputs from Pl group I afferents initiate a new locomotor cycle by starting a new extension phase irrespective of when the nerve is stimulated during the cycle. Such action indicates that it "reboots" the clock function of the rhythm generator and consequently, all of the networks located downstream.
There is evidence that group I afferents from ankle extensors can access flexor and extensor portions of the spinal CPG via pathways of equal length (McCrea 1998), which could explain the step-like changes in phase durations (Figs. 4 and 5 ) and cycle periods (Figs. 6 and 7) observed with Pl nerve stimulation across the locomotor cycle. The lack of epoch-dependent effects from the Pl nerve on rhythm generation further suggests that projections to extensor and flexor portions have equal weights throughout the locomotor cycle.
Effects of stimulating group I and II hip muscle afferents
The effects of stimulating RF and cGlu on the locomotor rhythm were similar to each other. Stimulating RF and cGlu toward the end of extension prolonged the extension phase (Fig.  5) . It thus appears that inputs from these nerves are ineffective during early extension. Moreover, there was little difference between stimulation at 2 and 5 T, indicating that group I afferents are sufficient to mediate the effects and that activating group II afferents does not produce additional or opposite effects on the locomotor rhythm. Stimulating the RF nerve during flexion reduced the duration of the flexion phase during mid-flexion but not at any other epoch and only at 2 T (Fig. 4) . Stimulating the cGlu nerve tended to decrease the duration of the flexion phase at 5 T in early and mid-flexion, but these effects were not significant (Fig. 4) . In addition, the effects on the extension phase and cycle period with RF and cGlu stimulation with short trains of 25 pulses were much smaller in magnitude than those observed by stimulating the Pl nerve.
Two previous reports described the actions of Sart nerve stimulation during MLR-evoked fictive locomotion Stecina et al. 2005) . In Perreault et al. (1995) , Sart nerve stimulation at 1.5 or 2 T prolonged the flexion phase or reset the rhythm from extension to flexion, while stimulation at 5 T could reset the rhythm from flexion to extension or prolong the extension phase. In another study from the same group, stimulating the Sart nerve at 5T during flexion prolonged flexion in three cats, whereas in two other cats, it reset the rhythm to extension (Stecina et al. 2005) . In our study, stimulating the Sart nerve at 2 T reduced the duration of the flexion phase during early and mid-flexion (Figs. 4B) and at 5 T it reduced it in all epochs of flexion (Fig. 4C) . Stimulating the Sart nerve during extension had little effect on the duration of the extension phase except for a slight prolongation when given during late extension (Fig. 5) . In no instance did we observe a reset to flexion, as reported in Perreault et al. (1995) , or a prolongation of the flexion phase at 5 T showed by Stecina et al. (2005) . Although the exact reasons for these preparationdependent differences are unknown, the level of decerebration (i.e., pre-or postmammillary) and/or the different control of phase duration and cycle period in MLR-evoked and spontaneous fictive locomotion (Frigon and Gossard 2009 ) could partly explain the discrepancies.
Previous studies of adult decerebrate cats walking on a treadmill showed that group I inputs from Sart muscle afferents prolonged the flexion phase (Lam and Pearson 2001) , but as soon as some group II afferents were recruited, mixed effects on cycle period and phase durations were observed (Lam and Pearson 2002; Perreault et al. 1995) . For instance, Sart stimulation (100 -140 stimuli at 200 Hz) between 1.4 and 1.8 T at the start of flexion slightly prolonged the flexion phase while stimulation at 5 T could either reduce or prolong the flexion phase (Lam and Pearson 2002) . These variable effects on the locomotor rhythm with Sart nerve stimulation are consistent with parallel reflex pathways from group I and II afferents from the Sart muscle, the balance of which is determined by unknown gating mechanisms (Lam and Pearson 2002; Stecina et al. 2005) . It is also possible that group II afferents project to flexor motoneurons via parallel excitatory and inhibitory reflex pathways (Eccles and Lundberg 1959; Lam and Pearson 2002) . Afferent activity recorded from Sart muscle spindles is also complex and diverse during locomotion in the cat with peak activity during stance or swing depending on the unit (Loeb et al. 1985) . A more thorough investigation of the effects of stimulating the two discernible branches of the Sart nerve, which supply compartments with different functions (Loeb et al. 1985) , during fictive locomotion is required. Lam and Pearson (2002) also showed that Sart stimulation could reduce the flexion phase, and instead of resetting the rhythm to extension, locomotion resumed with another flexion phase (see their Fig. 4A) . In some experiments, we observed a similar phenomenon. The flexion phase was terminated with Sart stimulation and was followed by another flexor burst (Fig. 3C) . In a cat walking on a treadmill, this would freeze the limb in mid-swing, which might be a contingency plan to deal with perturbations during the swing phase.
Functional significance
Using established criteria for rhythm generation as guidelines, such as rhythm resetting, it is clear that some inputs (i.e., Pl and Sart) can strongly access the rhythm generating circuitry of the locomotor CPG, whereas those from RF and cGlu have weaker access and only in specific time points of the locomotor cycle. Another striking difference is that Pl could maintain extensor activity during long trains of stimuli, while none of the hip muscle afferents could (Fig. 8) . The potent action of Pl may be explained by stronger synaptic projections to all parts of the rhythm generator or to the part responsible for the initiation of the extension phase.
Interestingly, effects of Sart nerve stimulation were not distributed evenly to all extensor motor pools. For instance, stimulating the Sart nerve during extension stopped or reduced the activity in triceps surae nerves, such as LGS, without producing similar effects in SmAB ENG (Figs. 3A and 8, D and G) . An uneven distribution to extensor motor pools was also seen with resets evoked by group I afferents from quadriceps during MLR-induced fictive locomotion . The Pl nerve, on the other hand, altered the amplitude in all extensors (e.g., LGS and SmAB) concomitantly (Figs. 2, A and B, and 8A).
In contrast with the action of Pl nerve stimulation, afferents from our selected hip muscles could not reboot the clock function when stimulated from anywhere in the locomotor cycle and must have pathways separate from Pl to access the rhythm generator. The lack of effects in particular epochs of the rhythm by hip afferent inputs is not due to a blockage of afferent inputs by presynaptic inhibition or gating from firstorder interneurons because these same inputs evoked multiple polysynaptic responses in motoneurons in all epochs of the locomotor cycle (not shown). However, some interneuronal pathways could be gated out at the rhythm-generating level without affecting circuits that distribute activities to motoneurons more downstream. Moreover, such pathways may access only subdivisions of the network for rhythm generation (e.g., for mid-flexion and late extension). For example, it was previously shown that in decerebrate cats spontaneously walking on a treadmill, there were specific epochs of the locomotor cycle in which high-intensity stimulation of cutaneous afferents did not perturb the locomotor rhythm (Duysens 1977) . Moreover, in the turtle, during monopodal swimming (i.e., movements of only one hindlimb) evoked by electrical stimulation of the contralateral dorsolateral funiculus, effects of cutaneous nerve stimulation on the left hindlimb swim cycle were shown to be strongly phase-dependent (Lennard 1985) . Similarly, during the forelimb fictive locomotor cycle in the cat, there exist critical points in which sensory feedback can influence the rhythm (Saltiel and Rossignol 2004a,b) .
What is the significance of phase subdivisions for rhythm generation? A common design to depict the rhythm generator is two simple blocks or units connected with reciprocal inhibition, one for swing or flexion and the other for stance or extension (see reviews by Brownstone and Wilson 2008; McCrea and Rybak 2008) . Vestibulospinal (Deiter's nucleus) and group I afferent inputs from ankle extensors evoke the same reset patterns and polysynaptic excitation in extensor motoneurons during fictive locomotion but without converging on common spinal interneurons (Grillner and Hongo 1972; Leblond and Gossard 1997) . This and further results on convergence patterns (Leblond et al. 2000) suggest that the population of neurons comprising the "unit" for extension should be divided in at least two parts; one transmitting bulbospinal and group I afferent inputs from extensors and the other transmitting vestibulospinal inputs. The results from the present study suggest further subdivisions in units for both flexion and extension. If afferent volleys only reset the rhythm at a specific time during one phase, it indicates that the phase is produced as a sequence of distinct events with a precise temporal structure. Mechanisms responsible for a sequence of rhythmic drives within each phase are unknown.
The present data confirm that inputs from ankle extensors are critical in regulating the stance-to-swing transition (reviewed Donelan and Pearson 2004; Duysens et al. 2000; Pearson 2008; Rossignol et al. 2006) . Inputs from hip muscle afferents are also thought to regulate the stance-to-swing transition because extending the hip to a position normally attained at the end of stance in chronic spinal cats initiates swing (Grillner and Rossignol 1978) , but the pathways responsible have not been identified. If stretch-sensitive inputs from hip flexor muscles regulate the stance-to-swing transition, then stimulating hip flexor nerves at group II strength should help in ending stance-related extensor activity and triggering swingrelated flexor activity. However, stimulating RF or Sart, both with hip flexor functions, did not trigger or prolong flexion. RF is therefore acting as the other knee extensor muscles from quadriceps in promoting extensor-related activities.
Inputs from the iliopsoas muscle could be involved because stretching this muscle during stance can produce an earlier onset of flexor activity in decerebrate cats walking on a treadmill (Hiebert et al. 1996) . However, other studies have shown that inputs from iliopsoas have negligible effects on flexor burst initiation during treadmill or fictive locomotion (Lam and Pearson 2001; Stecina et al. 2005) . Several inputs from hip muscle afferents acting in concert might be required to regulate the stance-toswing transition because progressive denervation of hip muscles weakens entrainment of the fictive locomotor rhythm induced by moving the hip joint (Kriellaars et al. 1994) . Stimulating hip muscle afferents, particularly Sart at 5 T, clearly reset the locomotor rhythm from flexion to extension in our study (Fig. 3B) , which suggests a role of these afferents in the swing-to-stance transition. In decerebrate cats walking on a treadmill, flexing the hip can advance activity in extensor muscles, indicating that hip position regulates the swing-to-stance transition (Lam and Pearson 2001; McVea et al. 2005) . We may then speculate that inputs from hip flexors contracting during swing (group Ib afferents and group Ia and II from gamma-driven muscle spindles) could help in triggering the onset of stance. We also found that stimulation of cGlu mostly promoted extensor-related activities. We could thus imagine that, at the end of swing, stretch-related inputs from extensors innervated by cGlu could help in triggering the onset of stance.
Therefore inputs from muscles that cross the ankle and hip joint interact with the locomotor rhythm generator to regulate phase durations, phase transitions, and cycle period. However, different pathways access the rhythm generator with different weightings at specific time points, indicating that they perform precise roles in shaping the locomotor output.
